Introduction to bone disease in prostate cancer
===============================================

Epidemiology
------------

Globally, 903,500 new cases of prostate cancer were estimated to have occured in 2011, second only to lung cancer in men, and 258,400 deaths from prostate cancer were estimated for 2011.[@b1-cia-7-363] In the United States, 241,740 new cases of prostate cancer and 28,170 prostate cancer deaths are estimated to occur in 2012.[@b2-cia-7-363] Older age, black race, and family history are the most consistent risk factors for prostate cancer. The majority of patients with localized early stage disease do not develop metastases and do not die of prostate cancer. However, among patients with castration-resistant metastatic prostate cancer, over 80% of patients have bone metastases, which is the most common site of metastases in this group.[@b3-cia-7-363],[@b4-cia-7-363] The distribution of bone metastases favors the axial skeleton (pelvic bone, spine, and ribs) over the appendicular skeleton (long bones), although proximal femoral metastases are common.

Clinical presentation
---------------------

Advanced prostate cancer comprises a series of states along a continuum of disease progression depending on whether serum androgen levels are in the castrate range or not, and whether clinical metastases are present versus only a rising prostate-specific antigen (PSA). To a lesser extent, the clinical state depends on whether first line chemotherapy has been received, and whether patients have become symptomatic. The most common intervention for recurrent or advanced prostate cancer is surgical or medical castration (androgen deprivation or testosterone suppressive therapy). Based on clinical trial endpoints proposed by the Prostate Cancer Working Group 2, a clinical states model has emerged to guide clinical practice for castration-resistant prostate cancer (CRPC) ([Table 1](#t1-cia-7-363){ref-type="table"}).[@b5-cia-7-363]

In nonmetastatic CRPC with progression manifested only by a rising PSA, the objective is to delay or prevent metastases which are associated with morbidity.[@b9-cia-7-363]--[@b11-cia-7-363] These patients have a bone metastasis-free survival exceeding 2 years, an endpoint that is associated with baseline PSA and PSA velocity.[@b9-cia-7-363],[@b10-cia-7-363] In metastatic CRPC, the principal goals are to prevent skeletal-related complications of metastases, including the need for surgical or radiotherapeutic interventions, as well as to improve patient reported outcomes such as bone pain and health-related quality of life.

Patients with bone metastases may be symptomatic or asymptomatic when osseous lesions are found on imaging studies either at initial staging or in response to a rising PSA after treatment. The most prevalent symptom of bony metastases is bone pain, but a variety of catastrophic complications can occur including pathologic fracture, spinal cord compression, radiculopathy, and cauda equina syndrome. Uncommonly, extensive bone marrow infiltration and displacement of normal hematopoiesis may lead to cytopenias. However, hypercalcemia is rare. Not infrequently, radiation or surgical approaches (with their own attendant morbidities) are required to prevent impending complications such as epidural cord compression and pathologic fracture; hence, the need for such treatment is frequently a component of the composite endpoint for skeletal-related complications in clinical trials targeting bone metastases.[@b12-cia-7-363]

In evaluating metastatic bone disease, plain radiographs and computerized tomography scans show a predominantly blastic (or "sclerotic") pattern of osseous metastases, but increases in serum markers of bone resorption testify to accelerated osteolytic activity even without histologic findings of increased osteoclasts.[@b13-cia-7-363] Magnetic resonance imaging has a relatively superior ability to identify soft tissue and marrow components of bone metastases.[@b14-cia-7-363] Use of 18-fluoride positron emission tomography-computerized tomography scans has expanded due to the superior accuracy for detection of bone metastases over planar bone scintigraphy, but its role in the management of prostate cancer is currently under active review.[@b15-cia-7-363]

Pathophysiology
---------------

Normal bone homeostasis involves constant bone remodeling balanced by osteoblastic and osteolytic processes in a coordinated manner, which results in the stability, integrity, and strength of adult bone. Osteoclasts are derived from the macrophage lineage and are activated at the bone surface by cytokines and hormones in the bone microenvironment to resorb bone.[@b13-cia-7-363] Osteoclasts create a resorption vacuole at the bone surface into which proteases are released that dissolve the bone matrix.[@b16-cia-7-363] Osteoblasts are derived from mesenchymal stem cells and are involved in bone formation, but interact with osteoclasts and a variety of molecules in concert, and eventually evolve into mature osteocytes.

A key molecule in the bone microenvironment, receptor activator of nuclear factor-κB (RANK), is expressed by osteoclasts, and plays an integral role in osteoclast development and apoptosis. RANK is activated by RANK ligand (RANKL), a member of the tumor necrosis factor family, which is in turn expressed by bone marrow stromal cells and osteoblasts. The binding of RANKL to RANK leads to osteoclast differentiation and activation; RANKL inhibition modulates the bone microenvironment by inhibiting osteoclast-mediated bone destruction.[@b12-cia-7-363] Osteoblasts and stromal cells maintain physiologic balance by also producing osteoprotegerin, which stimulates osteoclasts to induce apoptosis by acting as a decoy for RANKL and preventing the binding of RANKL to RANK. In metastatic prostate cancer, bone structure is disordered and bone strength is suboptimal because prostate cancer cells create an imbalance in the normal osteoprotegerin to RANKL ratio essential for the maintenance of normal bone remodeling.

The blastic metastases are associated with increased markers of bone resorption such as urinary N-telopeptide (uNTX) and C-terminal peptide fragments of type 1 collagen, indicating that osteoclast activity is also increased. Baseline uNTX was a stronger predictor of skeletal metastatic complications than was bone-specific alkaline phosphatase in prostate and other solid tumors, which is strongly suggestive of a clinically relevant degree of osteolytic activity.[@b17-cia-7-363] Markers of bone resorption are further elevated upon institution of androgen deprivation therapy (ADT), and the impact of antiresorptive strategies on both lowering the levels of these markers as well as reducing the frequency of clinical skeletal endpoints further supports the crucial role of osteolysis in the development of skeletal morbidity.[@b11-cia-7-363],[@b18-cia-7-363]

Prostate cancer therapy-induced osteoporosis
--------------------------------------------

The concept of hormone-manipulation-induced bone loss in men is supported by multiple lines of evidence. Bone mineral density in men depends on both estrogen and testosterone levels, a finding supported by epidemiological studies, human experiments of the nature of males born with aromatase deficiency, as well as by controlled intervention studies.[@b19-cia-7-363],[@b20-cia-7-363] ADT for prostate cancer leads to accelerated bone loss at a rate of approximately 2%--4% per year despite calcium and vitamin D supplementation.[@b21-cia-7-363]

The consequences of androgen-deprivation-mediated bone loss include fragility fractures, most consequentially at vertebral and hip sites, leading to pain, disability, hospitalization, and excess mortality. In a SEER-Medicare linked database analysis, the use of androgen deprivation nearly doubled the risk of fractures over a 5-year period.[@b22-cia-7-363] Factors associated with fragility fractures were examined in 1244 men with androgen deprivation, who were participating in a prospective clinical trial of fracture prevention. The factors included white race and the presence of osteoporosis, but not age, testosterone levels, estradiol levels, or markers of bone turnover.[@b23-cia-7-363] Analysis of linked administrative databases in Canada of 19,079 men with prostate cancer who had received at least 6 months of androgen deprivation followed for a mean of 6.5 years versus men who had never received androgen deprivation, confirmed an increased hazard ratio (HR) of 1.65 for fragility fractures.[@b24-cia-7-363]

Overview of current bone-targeting strategies for castration-resistant prostate cancer
======================================================================================

A set of strategies for bone protection has been investigated and deployed in recent years, most commonly for more advanced or refractory stages of prostate cancer on which this review will focus. It should be noted, however, that in the past decade, there has been more frequent use of adjuvant androgen therapy in association with radiation for intermediate and high risk, clinically-localized prostate cancer based on demonstrated survival benefits.[@b25-cia-7-363]--[@b27-cia-7-363] Furthermore, many patients who develop biochemical failure (rising PSA as sole evidence of disease recurrence) after definitive local therapy are treated for long durations with ADT.

Many systemic antiprostate cancer therapies such as chemotherapy and hormonal therapy have been shown to reduce bone complications or improve health-related quality of life.[@b28-cia-7-363],[@b29-cia-7-363] Additionally, systemic agents with selectivity for antineoplastic effects at the site of bone metastases have been tested or are under development for effects on palliation or survival in the setting of castration-resistant metastatic disease. These agents include, but are not limited to, endothelin receptor antagonists such as atrasentan,[@b30-cia-7-363] zibotentan, [@b31-cia-7-363] Src kinase inhibitors,[@b32-cia-7-363] and radiopharmaceuticals such as strontium-89 and samarium-153,[@b33-cia-7-363] and more recently, alpharadin (radium-223).

Until recently the most widely used evidence-based bone-targeting agents were in the bisphosphonate class. In the past 2 decades, bisphosphonates became the most commonly used osteoclast-inhibiting class of agents among cancer patients utilized for humoral hypercalcemia, bone loss, and bone metastasis. A first-generation bisphosphonate (clodronate) was tested in its oral form in the 1990s by the UK Medical Research Council in two studies against placebo in adjuvant (trial PR04) and metastatic (trial PR05) prostate cancer settings for the end points of bone metastasis-free survival and bone progression-free survival. Although the initial results were negative, there was a suggestion of a survival benefit in the PR05 trial with longer follow up.[@b34-cia-7-363] Weekly oral alendronate, quarterly intravenous pamidronate, and annual intravenous zoledronic acid have each been shown to reduce bone loss and improve bone density, but not reduce fracture risk, in men receiving androgen deprivation.[@b21-cia-7-363],[@b35-cia-7-363],[@b36-cia-7-363] Intravenous pamidronate every 3 weeks did not reduce any bone pain measure or skeletal-related complications in prostate cancer patients with metastatic bone pain, though bone turnover markers were suppressed.[@b37-cia-7-363] In men with castration-resistant prostate cancer metastatic to bone, the highly potent bisphosphonate (zoledronic acid) was the first bisphosphonate to achieve a decrease in the composite end point of skeletal-related events (SREs). These SREs were comprised of pathologic fractures, spinal cord compression, surgery, or radiation to bone, or change of antineoplastic therapy to treat bone pain, leading to its approval in the United States.[@b38-cia-7-363] It rapidly became the standard of care and the comparator for testing future bone-targeting agents in this setting. Recently, a human monoclonal antibody against RANKL (denosumab) has emerged as an alternative treatment. The efficacy and risks of denosumab are the focus of the remainder of this review.

Review of the pharmacology and pharmacokinetics of denosumab
============================================================

Denosumab suppresses osteoclast formation in humans by binding to RANKL, which in turn inhibits RANK activation; immunoassays showed denosumab to be specific for human RANKL.[@b39-cia-7-363]

The mechanism of action of denosumab in bone is displayed in [Figure 1](#f1-cia-7-363){ref-type="fig"}. Of note, after up to 3 years of treatment, no patients developed denosumab-neutralizing antibodies.[@b40-cia-7-363] Subcutaneous denosumab treatment in patients with prostate cancer-related metastases resulted in decreased bone turnover in a Phase II trial[@b41-cia-7-363] and a Phase III trial.[@b12-cia-7-363],[@b42-cia-7-363]

Bone density, microarchitecture, and mineralization effects of denosumab
------------------------------------------------------------------------

In murine models, denosumab improved bone density and bone volume and reduced bone resorption.[@b39-cia-7-363] These preclinical findings were confirmed in humans in a Phase II placebo controlled study of subcutaneous denosumab versus oral alendronate in post-menopausal women with severe osteopenia or osteoporosis (T score between −2.0 and −3.0). Significant increases were seen at 12 months, in distal radial total, cortical, and trabecular volumetric bone mineral density in denosumab-treated patients versus placebo. Increases in volumetric bone mineral density at the radius and density-weighted polar moment of inertia, an indicator of bone strength, were significantly greater in denosumab-treated patients versus placebo (*P* \< 0.001) and versus alendronate-treated (*P* \< 0.05) patients at 6 and 12 months.[@b44-cia-7-363]

Biomarkers of bone turnover
---------------------------

Biochemical markers of bone resorption provide clinically useful evidence of pathological bone cell activity and may aid in the management of patients with skeletal disorders. Denosumab treatment in clinical trials showed sustained reductions from baseline levels of multiple biomarkers of bone resorption and bone formation.[@b12-cia-7-363],[@b41-cia-7-363],[@b42-cia-7-363],[@b45-cia-7-363]--[@b47-cia-7-363] These biomarkers provide evidence for the efficacy of therapies and their prognostic value; elevation of these biomarkers is generally correlated with SREs, disease progression, and death in patients with bone metastases.[@b48-cia-7-363] Over the course of 2 to 13 weeks, rapid, sustained reductions in levels of uNTX corrected for creatinine (uNTX/Cr) were seen in patients receiving denosumab every 4 weeks. The suppression levels were maintained through 25 weeks of treatment.[@b41-cia-7-363],[@b49-cia-7-363] After 13 weeks, 73%--84% reductions from baseline in uNTX/Cr were reported for both bisphosphonate treatment-naïve and bisphosphonate treatment-experienced patients.[@b12-cia-7-363],[@b42-cia-7-363],[@b45-cia-7-363],[@b46-cia-7-363] Furthermore, pharmacokinetic/pharmacodynamic modeling of the data from one study provided a prediction of more than 90% uNTX/Cr suppression in 95% of patients on 120 mg of denosumab given once every 4 weeks, with no substantial increase in suppression for higher doses.[@b46-cia-7-363]

Pharmacokinetics of denosumab
-----------------------------

Denosumab reaches maximum serum concentrations at 10 days (range 3--21 days) following a single 60 mg subcutaneous dose in healthy volunteers (n = 73); mean maximum serum concentration was 6.75 mg/mL.[@b50-cia-7-363] Dose proportional increases in exposure were observed at denosumab doses above 60 mg, though lower dose levels exhibited nonlinear pharmacokinetic properties.[@b51-cia-7-363] Denosumab is absorbed rapidly, with detectable serum concentrations of \>1 and \>5 μg/mL observed 1 hour after a single subcutaneous dose of 1.0 to 3.0 mg/kg, respectively. The levels were sustained throughout the 84-day period of observation. Steady state serum levels of 20.5 μg/mL were reached by 6 months following multiple 120 mg subcutaneous doses administered every 4 weeks.[@b47-cia-7-363]

Denosumab pharmacokinetics are not affected by renal impairment even when patients are on hemodialysis.[@b50-cia-7-363],[@b52-cia-7-363] Metabolism of the antibody denosumab is likely to involve degradation to peptides and amino acids via immunoglobulin clearance pathways and not through hepatic pathways, implying that denosumab pharmacokinetics are unlikely to be affected by hepatic impairment.[@b52-cia-7-363] Serum concentrations of denosumab decline over a prolonged β-phase followed by a more rapid elimination phase.[@b53-cia-7-363] After multiple doses of 120 mg every 4 weeks, the mean elimination half-life was 28 days.[@b51-cia-7-363] No detectable amounts of denosumab were detected 6 months after a single dose or after multiple subcutaneous 60 mg doses once every 6 months.[@b50-cia-7-363],[@b52-cia-7-363] A population pharmacokinetic meta-analysis of studies in healthy volunteers reported no clinically important effects of age, race, or bodyweight on denosumab pharmacokinetics in patients with cancer. As a result, recommended dosage approved by the Food and Drug Administration (FDA) is not weight-dependent.[@b51-cia-7-363]

Clinical use, efficacy, safety, and tolerability of denosumab
=============================================================

On November 18, 2010, the US FDA approved the use of denosumab for the prevention of SREs in patients with bone metastases from solid tumors, and on September 16, 2011, the FDA approved the use of denosumab as a treatment to increase bone mass in patients at high risk for fracture, including patients on ADT for nonmetastatic prostate cancer. Each indication requires a different dosing and frequency of denosumab administration. As a treatment for the prevention of SREs in bone metastases from solid tumors, denosumab (Xgeva^®^; Amgen, Thousand Oaks, CA) is administered as a 120 mg subcutaneous injection in the upper arm, thigh, or abdomen once every four weeks. As a treatment for increasing bone mass in patients at high risk for fracture, including those undergoing ADT for nonmetastatic prostate cancer, denosumab (Prolia^®^; Amgen) is administered as a 60 mg subcutaneous injection once every 6 months. The use of denosumab for the treatment of osteoporosis is reported elsewhere.[@b54-cia-7-363]--[@b56-cia-7-363]

Toxicities related to denosumab administration were of sufficient concern that the FDA requested postmarketing surveillance studies. Hypocalcemia was seen in 13% of patients (5% with grade 3 or higher), with low calcium levels occurring most frequently in the first 6 months after initiation of treatment.[@b9-cia-7-363] Calcium levels should be repleted prior to initiating denosumab, and patients should be monitored closely, especially during the first few months of treatment. National Osteoporosis Foundation Guidelines call for patients \> 50 years of age being treated with denosumab to consume elemental calcium 1200--1500 mg/day and vitamin D 800--1000 international units/day while being treated with denosumab.[@b57-cia-7-363] In addition, severe hypophosphatemia was experienced by 15.4% of patients in a pooled analysis,[@b40-cia-7-363] and phosphate levels should be monitored and repleted as needed.

Osteonecrosis of the jaw was seen in 5% of patients on denosumab and in none on placebo in a Phase III trial with 1432 patients with nonmetastatic, castration-resistant prostate cancer.[@b11-cia-7-363] A second trial involving patients with metastatic disease found a nonsignificant trend toward cumulative increases in osteonecrosis of the jaw (1% in year 1 and 2% in year 2).[@b12-cia-7-363] The majority of patients who developed osteonecrosis of the jaw (79%) had poor oral hygiene, dental appliances, and/or a recent history of tooth extraction. The median time to development of osteonecrosis of the jaw was 14 months.[@b40-cia-7-363] Oral examination and preventive dentistry should be performed prior to the initiation of denosumab, and patients should be closely monitored for symptoms indicating the development of osteonecrosis of the jaw.

Other uncommon but serious toxicities, including infections, secondary malignancies, and cataracts, have been observed in selected studies. Given RANKL expression on both T and B cells, there exists a basis for concern about an increased risk of serious infections and tumor development or progression with denosumab. Several (but not all) studies have found small but significant increases in serious infections in the denosumab arm of their trials including, for example, respiratory infections and cellulitis, rarely requiring hospitalization.[@b58-cia-7-363] The risk of increased cataract development is being evaluated in a Phase III trial \[NCT00925600\].

Phase III trials of denosumab for the prevention of SREs
--------------------------------------------------------

The safety and efficacy of denosumab were evaluated in a double-blind Phase III trial comparing denosumab with zoledronic acid -- the standard of care for delaying SREs in metastatic castration-resistant prostate cancer patients. From May 2006 through October 2009, 1904 men with castration-resistant prostate cancer were enrolled from 342 centers in 39 countries, and were randomized 1:1 to receive denosumab or zoledronic acid. Eligible patients included those with prostate adenocarcinoma who had failed at least one line of hormone therapy (PSA \> 0.4 μg/L and rising), and had radiographic evidence of at least one bone metastasis. Additional inclusion criteria were albumin-adjusted calcium levels of 2.0 to 2.9 mmol/L and Eastern Cooperative Oncology Group performance status \< 2. Exclusion criteria included: prior intravenous treatment with bisphosphonate or current oral bisphosphonate treatment for bone metastases; planned palliative radiation or surgery to bone; a life expectancy of less than 6 months; creatinine clearance \< 30 mL/min; and current or previous osteonecrosis of the jaw. The primary endpoint was time to the first on-study SRE (including spinal cord compression, pathological fracture, radiation to bone, or bone surgery). Denosumab lengthened the time to SRE by 18% with a between group difference of 3.6 months (20.7 months for those on denosumab, 17.1 months for those on zoledronic acid) (HR 0.82; 95% confidence interval \[CI\]: 0.71--0.95; *P* = 0.0002 for noninferiority and 0.008 for superiority). At the primary analysis cut-off date, median on-study duration was 12.2 months for patients treated with denosumab and 11.2 months for patients treated with zoledronic acid.[@b12-cia-7-363] Subgroup analysis found that denosumab had an even greater advantage over zoledronic acid in delaying time to first on-study SRE in patients with no prior SRE (HR 0.80; 95% CI: 0.67 to 0.95; *P* = 0.011) and no or mild pain at baseline (HR 0.77; 95% CI: 0.63 to 0.95; *P* = 0.014).[@b59-cia-7-363]

Decreases in bone turnover markers were significantly greater for men in the denosumab group (42% in uNTX/Cr and 65% in bone-specific alkaline phosphate) demonstrating greater suppression of bone turnover with denosumab.[@b12-cia-7-363] Further illuminating denosumab's role in the suppression of bone turnover, a meta-analysis of two Phase II studies of denosumab in men and women with bone metastases showed marked suppression of bone resorption markers even in patients who had little biological response to prior bisphosphonate treatment.[@b60-cia-7-363]

Nearly all patients in the Phase III prostate cancer trial of denosumab (97% in both arms) experienced adverse effects, with serious adverse affects recorded for 63% of men in the denosumab group and 60% of men in the zoledronic acid group. Hypocalcemia was recorded in twice as many men in the denosumab group as in the zoledronic acid group (13% versus 6%; *P* \< 0.001). Osteonecrosis of the jaw occurred in 2% of men in the denosumab group and in 1% of men in the zoledronic acid group.[@b12-cia-7-363]

Two other pivotal Phase III studies comparing denosumab and zoledronic acid enrolled 2046 breast cancer patients with bone metastases, and 1776 patients with other solid tumors or myeloma and bone metastases. Inclusion and exclusion criteria were similar to those used in the prostate cancer trial, and patients were randomized 1:1 to receive 120 mg denosumab subcutaneously or zoledronic acid.[@b42-cia-7-363],[@b45-cia-7-363] These trials also found denosumab to be superior to zoledronic acid, except in patients with myeloma. When the FDA approved denosumab as a treatment for the prevention of SREs in bone metastases, it included patients with solid tumors, but not those with myeloma.

Phase III trials evaluating treatments for extending bone metastasis-free survival
----------------------------------------------------------------------------------

Denosumab's effectiveness in extending bone metastasis-free survival was evaluated in a Phase III trial that enrolled 1432 men with castration-resistant prostate cancer who were at high risk of developing bone metastases based on a PSA ≥ 8 μg/L and/or a PSA doubling time \< 10 months. Men in the denosumab arm saw a risk reduction of 15% and extension of metastasis-free-survival of 4.2 months (29.5 versus 25.2 months, HR = 0.85, *P* = 0.028). Risk of symptomatic bone-metastases was 33% lower in the denosumab arm (HR = 0.67, *P* = 0.01).[@b11-cia-7-363]

On February 8, 2012, the FDA Oncologic Drugs Advisory Committee voted 12 to 1 against the approval of denosumab for the treatment of men with castration-resistant prostate cancer who are at high risk of developing bone metastases. The reasoning was based on the modest improvement in metastasis-free survival relative to how frequently patients undergo bone scan imaging in routine clinical practice, and the 5% incidence of osteonecrosis of the jaw, which correlated with time on the drug, and the absence of a survival benefit.[@b61-cia-7-363] On April 26, 2012 the FDA issued a letter saying that denosumab did not have a sufficiently favorable risk-- benefit profile to be approved for the treatment of men with nonmetastatic castration-resistant prostate cancer.[@b62-cia-7-363]

The study of denosumab in extending metastasis-free survival is the latest in a series of studies of drugs that have shown important benefits in late stage disease that did not confer substantial benefit in earlier stage disease, including clodronate, atrasentan, and zoledronic acid.[@b63-cia-7-363]--[@b65-cia-7-363] The consistent inability to meet primary endpoints and/or to gain FDA approval reflects a challenge in treating relatively healthy patients suffering from a slow-growing disease with drugs that have limited effects and cause significant time-dependent cumulative toxicities.

Pharmacoeconomics of denosumab
------------------------------

Having shown significant clinical advantages over zoledronic acid, denosumab has gained rapid adoption by physicians treating prostate cancer patients with bone metastases. However, at twice the cost per injection of zoledronic acid, the cost effectiveness of denosumab is controversial. One study conducted by a commercial health economics firm found that the higher cost of denosumab led to an incremental cost per quality-adjusted-life-year of US\$1,250,000, well over the US\$50,000 to US\$100,000 per quality-adjusted-life- year, which was considered a "good value for a medical intervention."[@b66-cia-7-363] A second, more favorable economic evaluation found that the total cost per prostate cancer patient, including drug and nondrug costs for one year of treatment with denosumab was US\$35,431 versus US\$27,528 for zoledronic acid. The study also calculated the total incremental cost per SRE avoided with denosumab instead of zoledronic acid was US\$71,027 for 1 year and US\$51,319 for 3 years.[@b67-cia-7-363]

Despite the price difference, most insurers provide reimbursement for either zoledronic acid or denosumab. A few insurers, on the other hand, are questioning not only the cost effectiveness of denosumab, but also the methodology used in determining that denosumab was superior to zoledronic acid. An insurer in the Northwest that covers two million people has decided to pay for denosumab only for patients who are unable to use zoledronic acid or a similar drug, pamidronate. That insurer questioned the evidence of denosumab's superiority, and claimed one clinical study of denosumab in breast cancer patients was "flawed" both because of the metrics used, and because more than half of the patients didn't complete the study.[@b68-cia-7-363]

The difference in cost between the two drugs may be overstated because the cost of administration and the time required of caregivers is lower for the subcutaneously injected denosumab as compared with zoledronic acid, which requires a 15--30 minute infusion, as well as a delay for the laboratory studies of creatinine levels required prior to each infusion.

Conclusion
==========

Denosumab provides significant improvements for the prevention of SREs in patients with castration-resistant metastatic prostate cancer as compared with the previous standard of care, zoledronic acid. Despite its higher cost versus zoledronic acid, denosumab's superiority in delaying skeletal-related events, its ease of administration, and its availability for patients with renal impairment make it the drug of choice for most physicians in this setting. However, toxicities associated with denosumab administration, especially the increasing incidence of osteonecrosis of the jaw with long-term administration, should be considered in drug selection. Post marketing trials and surveillance studies are being conducted to provide additional information on the frequency of other adverse effects. Zoledronic acid remains a suitable alternative, especially in cases where adequate insurance coverage is not available. When patients are also being treated with docetaxel or cabazitaxel at 3-week intervals, the 4-week dosing interval of denosumab may be extended to 6 weeks. This is based on pharmacokinetic and pharmacodynamic data showing that even when denosumab is given only every 12 weeks, it leads to maintenance of adequate serum concentrations of the drug as well as persistent suppression of markers of bone turnover during the longer dosing interval.[@b69-cia-7-363],[@b70-cia-7-363] In all cases where denosumab is being administered, vitamin D and calcium should be administered to prevent hypocalcemia.

The role of denosumab in advanced prostate cancer is likely to evolve as other bone-targeting agents show benefit and become available for treatment among different subsets of patients. Combination treatments or other therapeutic strategies may emerge that not only reduce bone-related disability, but also improve survival by controlling skeletal metastatic disease progression.
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Prostate cancer clinical states model for metastatic, castration-resistant prostate cancer

  State                                              Recently approved treatments                                                                                                                   Positive phase III trial results
  -------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------
  Rising PSA: castration-resistant                   None                                                                                                                                           None
  Metastatic castration-resistant 1st line therapy   Docetaxel, sipuleucel-T, zoledronic acid,[\*\*](#tfn3-cia-7-363){ref-type="table-fn"} denosumab[\*\*](#tfn3-cia-7-363){ref-type="table-fn"}    Abiraterone,[@b6-cia-7-363] alpharadin[@b7-cia-7-363],[\*](#tfn2-cia-7-363){ref-type="table-fn"}
  Metastatic castration-resistant post-docetaxel     Cabazitaxel, abiraterone, zoledronic acid,[\*\*](#tfn3-cia-7-363){ref-type="table-fn"} denosumab[\*\*](#tfn3-cia-7-363){ref-type="table-fn"}   Enzalutamide,[@b8-cia-7-363] alpharadin[@b7-cia-7-363]

**Notes:**

Patients who refused or were ineligible for docetaxel;

approved treatment of patients with documented bone metastases, not for survival.

**Abbreviation:** PSA, prostate-specific antigen.
